Abstract: An individual distance-independent girth increment model for pure stands of Douglas-fir (Pseudotsuga menziesii (MIRB.) FRANCO), comprising two equations, is presented. The data used to fit the model were collected from 1007 trees in 42 plots installed in regularly stocked and even-aged stands located in Wallonia (southern Belgium). Both equations predict girth increment from individual girth, dominant height, basal area per hectare, stand mean girth and variables linked to site fertility. These last variables are the site index H50 in the first equation, and a combination of mean annual rainfall and altitude in the second. The coefficient of determination ranges from 0.434 to 0.481 and the root mean square error ranges from 0.7857 to 0.8194 cm year -1 . Estimated increments of 224 Douglas-fir trees in 12 different and independent stands were used to validate the model, which is expected to provide reliable predictions for most of the pure Douglas-fir stands located in the study area.
Introduction
Pure stands of Douglas-fir (Pseudotsuga menziesii (MIRB.) FRANCO) cover about 11,000 ha in Wallonia (southern Belgium), and may reach 15,000 ha in a few decades, given the extension of young mixed Douglas-fir spruce stands, which should become pure after one or two thinnings (Lecomte et al., 2003) . Douglas-fir was brought to Belgium in the late 19th century, but large-scale plantations only started after the middle of the 20th century (Crahay, 1900; Anonymous, 1920; AFOCEL, 1997; Joris, 1975) . Before 1964 genetic provenance was generally unknown and phenotypes were very variable. Nowadays the genetic quality of the plants is far superior (Nanson, 2004) , and P. menziesii offers several advantages that appeal to foresters: it has a very high growth rate, it provides high added-value timber (especially after the first thinning) and it may replace spruce (Picea αbies KARST.) advantageously in many places in Belgium. However, Douglas-fir has mostly been planted on fertile, appropriate soil, with suitable drainability, unlike spruce, which has been planted in a very broad range of sites (Claessens et al., 1996) . In Belgium silviculture applied to conifers still strongly emphasises spruce stand management, and often maintains higher densities than in other European countries (e.g..France). The productivity of Belgian Douglas-fir stands was studied by Claessens et al. (1996) , who gave productivity curves, and by Rondeux and Thibaut (1996) , who constructed yield tables based on a stand model. Through a variabledensity yield table, this model presented the silvicultural pathways for Douglas-fir in Belgium, but it considered only average stand growth and so could not estimate the effects of a wide range of silvicultural treatments (Rondeux et al., 1991) . The key to successful management of Douglas-fir stands is a proper understanding of growth processes. One of the most appropriate methods to simulate and evaluate silvicultural alternatives is based on predicting the basal area, diameter or girth increment of individual trees (Biging and Dobbertin, 1992; Lee, 1967; Ek and Monserud, 1974; Monserud, 1975; Burkhart et al., 1987; Pukkala, 1989; Monserud and Sterba, 1996; Schroder et al., 2002; Pretzsch, 2002) . Much research has been done on modelling the growth of Douglas-fir throughout its natural dispersion and introduction area (Newnham, 1964; Arney, 1972; Mitchell, 1975; Curtis et al, 1981; Wykoff et al., 1982; Wykoff, 1986; Ottorini, 1991; Wimberly and Bare, 1996; Hann and Hanus, 2002; Hann et al., 2003) .
In even-aged stands growth modelling, the effect of site quality is often accounted for by using site index or numerical expression which relates stand dominant height to stand age (Lee et al, 2004; Diéguez-Aranda et al, 2006) .
Another approach assesses site quality from environmental causal factors (Porte and Bartelink, 2002; Sterba and Monserud, 1997) . Some authors are also using multiple regression analysis with height or site index as the dependent variable and a set of environmental characteristics such as edaphic, climatic, topographic, etc. (Louw and Scholes, 2006) as the independent variables.
The purpose of the present study is to develop for pure Douglas-fir stands in Wallonia, an individual, distanceindependent periodic annual girth increment model based on available dendrometrical data derived mainly from girth and top height.
The two previous approaches have been used for expressing site quality effect: site index itself and specific site factors in order to avoid the problem of site index estimation when age is unknown. For the latter only variables that were available from regional GIS databases have been considered such as elevation, main soil characteristics and average climatic parameters. Such a limitation has been decided in order to make the resulting model easily usable by forest managers (Chumachenko et al., 2003) . 
Materials and methods
The main body of data come from 40 permanent plots measured at intervals of 3-6 years from 1978 to 2004, and concerning a total of 1032 trees. Additional data was obtained from 14 plots of the permanent regional forest inventory (Rondeux and Lecomte, 2001) , measured again in 2005 (intervals of 3-8 years) to obtain increment data on 199 trees. The plots were distributed in southern Belgium from 50°02'27.26"E to 50°13'47.3"E and from 5°31'0.69"N to 5°17'41.32"N, roughly corresponding to the Douglas-fir presence area in Belgium. All plots were in even-aged and pure or almost pure stands (more than 80% of basal area represented by Douglas-fir), and the decrease in the number of trees per hectare between two measurements, at least 3 years, never exceeded 20%. In each plot, tree girth was measured at 1.3 m above the ground with a tape and dominant height was estimated from VERTEX® height measurements (Rondeux and Pauwels, 1997) on largest diameter trees. Plots ranged from 50 to 1000 m 2 in area and contained 6-47 Douglas-fir trees.
The data was split into two parts: 12 plots (including an amount of 224 trees) were randomly chosen for the model validation, while the 1007 remaining trees (from 42 other plots) were used for the model construction. Table 1 gives stand characteristics for both sets of data.
Multiple least-square estimation was used to build the growth model. First, different variables and combinations of variables were tested using a STEPWISE procedure to find those most closely correlated with girth increment. Second, a selection was made considering several aspects, such as model structure, biological implications of each term (e.g., sign of the estimates), variable availability among existing inventories and validation possibilities.
Dendrometrical growth model
The dependent variable of the model was the girth increment outside bark at 1.3 m from ground level (i c , cm year -1 ). The tested variables for model building were linked to stand competition, stand development, stand structure, site fertility, individual tree size and individual social ranking. Stand competition was measured by density (estimated number of trees per hectare N), basal area per hectare (G, m 2 ha -1 ) and the crown competition factor (CCF) of Krajicek et al. (1961) . Stand development was represented by the age (Age, year), the dominant height (Hdom, m), the dominant girth (Cdom, cm) and the mean stand girth (c, cm). The structure of the stand was characterized by the girth variance (VAR, cm 2 ). Site fertility was described by the site index (H50, m), defined as dominant height reached at 50 years. The individual tree size was represented only by the girth (c, cm), measured at 1.3 m from ground level, given available data. Individual social ranking of each tree is fundamental for an individual tree growth model. The different non-spatial indices that were considered for model construction are presented below:
where is the quadratic mean stand girth (cm), g the individual basal area (m 2 ) at 1.3 m above ground level, surf the plot area (m 2 ) and s is the notation for the considered tree.
Integration of ecological variables
Available ecological quantitative data were considered as potential-independent variables in the model: altitude (ALT, m), soil depth (SD, cm), average annual rainfall (RAIN, mm year -1 ) and vegetation period (PVEG, day year -1 ) were set, along with the dendrometrical variables, in the STEPWISE regression. ALT was derived from a digital elevation model, SD from the digital soil map of Wallonia (Veron et al., 2005) , and PVEG and PLMOY from climatic maps of Poncelet and Martin (1947) , through the use of a GIS (Lejeune, 1993) . The potential benefit of these variables was to replace the site index H50 in the regression equation. This stand parameter was not always known with precision, and often required the use of the productivity curves of Claessens et al. (1996) . A site index-independent equation was thus needed if H50 appeared in the main equation.
Residuals of the regression equation were then analysed with a one-way ANOVA, the tested factor being the main regions of southern Belgium. These qualitative data distributed stands, from North to South, in "Silty area", "Condroz", "Fagne and Famenne", "Basse Ardenne", "Haute Ardenne", "Moyenne Ardenne" and "Jurassic region". The database was unfortunately unbalanced for these variables, and regions were therefore aggregated as "Condroz", "Basse Ardenne", "Haute and Moyenne Ardenne" and "Others" to contain comparable numbers of trees.
Model evaluation and validation
The model was quantitatively evaluated by examining the distribution of residuals, and by testing for bias and precision to determine the accuracy of model estimations (Vanclay, 1994; Soares et al., 1995; Gadow and Hui, 1998; Mabvurira and Müna, 2002) . Absolute and relative bias and root mean square error were calculated as follows:
where y i is the observed girth increment value, ŷ i the predicted girth increment value and n is the number of trees.
The model was also tested for validation using the set of independent increment data for 224 trees (12 independent plots). The validation needs the residuals of the model on this database, calculated as the difference between the observed and the estimated increment, to be on average equal to zero. Also, the re-calculated coefficient of determination (R 2 ), defined as the complement to unity of the quotient of residual variance and observed variance, must be sufficiently close to that calculated at construction (Dagnelie, 1992) . Finally, correlation of residuals of the validated model with some non-entering variables was calculated and is discussed below.
Results

Dendrological growth model
Several models were set up by STEPWISE regression of i c (plain or transformed) by more than 40 independent variables of interest (plain and transformed). The selected equation (Eq. (1)), presented in Table 2 made sense from a biological approach point of view (including site fertility and stand density variables). It was also best for validation on the independent database (see below). Its adjusted coefficient of determination was equal to 0.481. When girth increment estimations were negative, they were replaced by a null value. Fortunately, this concerned very few data (0.6% of the construction data set).
The selected variables entering the multiple regression equation indicate influence of stand competition, site fertility, stand development and social ranking; but not directly individual tree size or stand structure. It is to be noted that the model is age-independent, as stand development is expressed by mean girth.
Partial coefficient of determination (R = 0029) than ln(c/Hdom), which expresses the social ranking of each tree in a stand and is the most explicative variable (R 2 partial = 0.396). For a given dominant height, girth increment will be greater when trees are bigger, but the relation is not linear, as logarithmic transformation is used. Site index logarithm is moderately explicative, with a partial R 2 of 0.052. Stand development, through mean girth, is the least explicative part of the model with a partial R 2 of only 0.003. Girth increment is positively correlated to site fertility, and decreases with mean girth.
Integration of ecological variables
As the site index appeared in the dendrological model, a second equation was built in which the site index was replaced by direct ecological quantitative variables. These variables were included in the new equation using STEPWISE selection, with other dendrometrical variables already present in the first model. Only average annual rainfall (PLMOY) and altitude (ALT) were found to be significant with logical estimate signs. The second equation is presented in Table 3 (Eq. (2)). Its adjusted coefficient of determination is equal to 0.434. a S.E.: standard error; t: statistic for testing the null-hypothesis that a single parameter is zero; p>t: probability that a t-statistic would obtain a greater value than that observed given that the true parameter is zero; VIF: variance inflation factor; d.f.: degrees of freedom; SS: sum of squares; MS: mean square; F: statistic for testing the null-hypothesis that all parameter are zero except for the intercept;p>F: probability of getting a greater F-statistic than that observed if the null-hypothesis is true; residual S.D.: residual standard deviation.
The analysis of the residuals of both models revealed that the qualitative ecological variable affected them (oneway ANOVA: d.f. = 3; F=38.39; p = 0.000 and d.f. = 3; F = 46.81; p = 0.000, respectively for Eqs.
(1) and (2)) after aggregation of ecological areas. The "Basse Ardenne" region showed a significantly larger mean girth increment than all the others for both models. The "Condroz" region came second (significantly different from first and third, for both models, at the 0.05 level), and was followed by "Moyenne and Haute Ardenne", then by "Others". This result has to be interpreted with caution, given the structure of the data set. Age classes and silvicultural conditions were not evenly distributed among regions, and some very similar plots were located very close together. For example the region "Basse Ardenne", which was found to present the highest girth increment, was mainly represented by young stands, and four plots younger than 25 years were found clustered in a 1.5 km 2 area. Representativity of each region was therefore not constant, and differences can be explained by reasons other than ecological area.
Model evaluation and validation
The residuals of both models displayed, globally, a good fit for most girth classes as shown in Fig. 1 . No clear heteroscedastic tendency appears in Graphs a and b of this figure, although slightly higher residuals correspond to small trees. Respectively for Eqs. (1) and (2), the absolute bias values were -0.0457 and 0.00369 cm year -1 , and the RMSE were 0.7857 and 0.8193 cm year -1 . The relative bias was equal to -1.98% and 0.16% and the relative RMSE value was 34.0% and 36.3%, respectively for Eqs. (1) and (2). Seeing that measurements are generally made to the nearest centimetre, and if girth periodic increments are considered over a sufficiently long time (3 years or more), these values seem reasonable. The variance inflation factors (VIFs) shown in Tables 2  and 3 to quantify multicollinearity are all below the critical threshold of 5 suggested by Van Laar (1991) . Multicollinearity among the predictors is thus considered negligible (see Marquardt, 1970; Pacheco Marques, 1991) .
Considering parameter estimates in Eq. (1) it was found that when the site index (H50) increased by 6 m, from the third to the first productivity class (Claessens et al., 1996) , all the other variables remaining constant, girth increment increased by 0.556 cm year -1 . For the social rank term, a double variation sometimes appeared depending on c and Hdom. However, in a single stand, e.g., a 50-year-old stand with Hdom equal to 33 m (mean productivity class), a 150 cm tree would grow by 1.188 cm year -1 more than a 100 cm tree considering this term. This indicates a strong influence of social rank on Douglas-fir growth, as is generally observed in situ. Stand competition, through G -1 , enhanced increment variations, depending on basal area extreme values. Thus these variations may be greater in old stands, where G depends on more numerous thinnings. Considering extreme values in the construction database (Table 1 ), 10.6 and 74.3 m 2 ha -1 , the stand competition term induced an estimated girth increment variation of 1.925 cm year -1 . Nevertheless, such differences in G are not common over a few years. Mean girth induced an increment variation of 0.365 cm year -1 . Dendrometrical variables in Eq. (2) enhanced variations in girth increment estimation that were comparable to those in Eq. (1) given that estimates belong to the same range of values. The new variables, PLMOY and ALT, induced increment variations of 0.513 and 0.414 cm year -1 , respectively, extreme values in the construction database being 758 and 1200 mm for average annual rainfall and 140 and 510 m for altitude.
Both models were used to estimate girth increments of the 224 validation database trees, and validation was successful. Residuals had a normal distribution (Ryan and Joiner test: p > 0.1 for both equations) and were on average significantly equal to zero (t-test; p = 0.055 and 0.692, respectively for (1) and (2)). The re-calculated coefficients of determination (when using the models to predict increments of the 224 validation trees) were 0.539 for (1) and 0.544 for (2), which are even higher than for the construction data set. It is to be noted that increments estimations were positive for all 224 trees.
Correlations were also calculated between residuals of both equations and some non-entering variables, which are linked to stand development and stand structure, and did not appear in the model. The Pearson's correlation coefficients showed that the only significant correlations for (1) are with girth variance and stand structure, but the coefficient is very low (r= 0.072). For (2), the only significant correlation is with the stand age, but the coefficient is also very low (r= -0.091) and the linear relation between residuals and stand age is very loose. The age-independent model was thus appropriate to account for Douglas-fir girth increment. 
Discussion
The selected variables entering the two models are common and easily available from a traditional forest inventory. Age-independence is an advantage when simulating the development of any stand, as plantations are sometimes spread over several years (in-fillings). The site index (H50) is the only variable that can be problematic, for instance in young stands, because its estimation depends on the precision of the productivity curves (Claessens et al., 1996) and of the measured dominant height. Here the problem is avoided by the possibility of adapting the girth increment predictions to the available data on ecological conditions: either site index or ecological variables found from climatic and topographic maps. Replacing H50 by ecological variables, we found that site fertility could, in our case, be partially linked to annual average rainfalls and altitude. In a specific study on this topic, conducted in middle-elevation regions of the Massif Central area in France, Curt et al. (2001) found strong correlation between site index (H25, here defined as the dominant height reached at age 25 years) and (1) soil nutrient status and (2) soil moisture regime. However, in order to model the site index, they used elevation and water seepage index as independent variable with available water storage capacity, soil nutrient status and exposure. In view of our available data, we can thus underline the correspondence between this study and ours.
The data set in this study had some limitations that caused problems in the modelling work and may also affect model predictions. For instance, the data was insufficiently representative of some ecological regions, making it impossible to adapt predictions to particular areas and possibly leading to overestimation or underestimation in regions underrepresented in the data set. In addition, model predictions are only defined in the range of variation of the construction and validation data that correspond to trees of girth ranging from 22 to 215 cm. In terms of age, the model predictions are defined between 13 and 64 years. Ancient stands are thus not concerned by this study, which is no problem because in such stands silvicultural decisions are based more on timber prices and regeneration possibilities than on quantitative pathways.
Compared with other growth models developed for Douglas-fir, our models present a moderate precision (Newnham, 1964; Arney, 1972; Mitchell, 1975; Wykoff et al., 1982; Wykoff, 1986; Ottorini, 1991; Wimberly and Bare, 1996; Hann and Hanus, 2002; Hann et al., 2003) . The accuracy of the growth models developed here has to be viewed within the constraints of the data. The procedure applied in the calculation of annual increments, based on successive measurements, assumes that tree growth is constant during the interval between measurements. However, growth conditions (e.g., annual rainfall) may vary over time and between years. Indeed, tree growth is not linear even over a single year, which is not taken into account in this study. For instance, the mean annual rainfall that appears in Eq. (2) only limits tree growth during dry periods, like summer, and hardly plays any role during the rest of the year (Zhang et al., 2000) .
The accuracy of the models is also linked to their distance-independence, as data prevented the calculation of distance-dependent competition indices. However, the literature suggests that precision gain when using such indices is hardly worth the complexity of measurements needed. Wimberly and Bare (1996) , modelling Douglasfir basal area growth on the southwest coast of Vancouver Island, showed that the additional effort and expense needed to obtain spatially referenced stand data for developing empirical forest growth models was not justified. Studies carried out in a variety of other forest types and species have also concluded that spatial competition indices did not greatly improve the fit of basal area, girth and diameter growth models (Pauwels et al., 2003; Biging and Dobbertin, 1995; Tome and Burkhart, 1989; Daniels et al., 1986; Martin and Ek, 1984; Lorimer, 1983) . Nevertheless, the main interest of those two models lies in their flexibility of use regarding the nature of the available data: if site index is known, the first model (the most accurate) can be used. Indeed, the equation is age-independent. Otherwise, the second is more appropriate. In this case, site productivity is characterized by basic ecological variables of which values are determined from GIS data disseminated at the regional level. Furthermore, a potential use of the second model consists in its linkage with climatic variables, that prefigures an approach in which the understanding of the dynamics of Douglas-fir should be useful to identify its resilience and vulnerability to changes in climate (Nitschke and Innes, 2008) .
Conclusion
The present study was based on selected data sets dependent on the resources available for the task. An individual age-independent and distance-independent girth periodic annual increment model was built for Douglas-fir pure stands in southern Belgium. Two regression equations are presented. The first one shows an adjusted coefficient of determination of 0.481 and is to be used as a priority. The second one is to be used when the fertility index (H50) is unknown or not precisely known. It was built using direct ecological variables and presents a coefficient of determination of 0.434. The models can now be integrated in a silvicultural simulation software program. This study is the first step towards further research on Douglas-fir growth modelling in Belgium which will extend to mixed stands, especially with spruce, which are more and more prevalent in the area.
